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RADIANT HEATING FOR MISSILE AND AIRCRAFT STRUCTURAL TESTING 

By Robert D. Ross* 

NASA-Langley Research Center 

INTRODUCTION 

Ever since the  first successful airplane w a s  launched, the speed of 

f l i g h t  has been pushed higher and higher. High speeds r e s u l t  i n  high 

rates of heat t ransfer  t o  t h e  skin of the airplane,  thus creat ing the  

many problems frequently re fer red  t o  as the "thermal th icke t .  'I 

purpose of t h i s  paper i s  t o  discuss some of the equipment used i n  the  

experimental invest igat ion of these problems, pa r t i cu la r ly  the e l e c t r i c  

rad ian t  heaters used t o  simulate the aerodynamic heat input t o  the a i r -  

c r a f t  or m i s s i l e  s t ructure .  

The 

NATURE OF THE PROBLEM 

The source of aerodynamic heating l i e s  i n  the conversion of k ine t ic  

energy of the  moving a i r  in to  heat energy at the  surface of the  body. 

Except a t  the  stagnation point, t h e  heat input t o  the  body can be 

expressed by the  simple equation 

where q i s  t h e  heat input per uni t  area, h is  the  aerodynamic heat- 

t r a n s f e r  coeff ic ient ,  and the  term in parentheses i s  the  temperature 

difference which produces the  flow of heat. Ts is the temperature of 

t h e  specimen surface, and Taw i s  a quantity known as the  adiabat ic  w a l l  
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I temperature, which may be cal led an effect ive temperature and can be 

I .  

I 
computed from the  equation 

~* Taw = T a ( l  + 0.2rM2) (2) 

where Ta i s  the absolute ambient temperature, r the recovery f ac to r ,  

and M t h e  Mach number. 

Heat i s  l o s t  from the surface of t h e  s t ruc tu re  i n  accordance with 

the  Stefan-Boltzman l a w  q = kTS4 where k i s  a quantity which includes 

t h e  Stefan-Boltman radfation constant and the emissivity of the surface. 

The net  heat entering the s t ructure  w i l l  be the difference between the 

heat received and t h a t  l o s t  a t  the surface, and i s  given by 

I ( 3 )  q = h(Taw - Ts) - kTs 4 

I n  pract ice ,  however, k is not a constant, but var ies  somewhat as 

the  surface temperature. To a suff ic ient  approximation, k may be 

expressed as (a + bTs) , where a and b are constants. 

t i o n  (3 )  becomes 

Hence equa- 

(4) q = h(Taw - TB) - (a + bT,)T, 4 

The problem, then, i s  t o  duplicate i n  the laboratory, with radiant  

heaters  (o r  by other means), the var ia t ion with time of t h i s  net heat 

input t o  a given s t ruc ture  or s t ruc tu ra l  component. A t  the t i m e  t h a t  

aerodynamic heating f i rs t  loomed as a serious problem, it w a s  f e l t  tha t  

surface heating rates of 50 Btu per square foot per second would su f f i ce  

f o r  a considerable period of t i m e .  

hypersonic and space ( o r b i t a l )  f l i g h t  have brought the threshold of 

However, progress i n  the realm of 
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heating rates t o  much higher values with attendant surface temperatures 

i n  excess of 3,0000 R. 

attempting t o  reach these high values w i l l  now be given. 

A brief indication of the progress made i n  

HEATING METHODS 

One e a r l y  scheme proposed f o r  producing high heating rate8 con- 

s i s t e d  of heating a re f rac tory  wal l  i n  a furnace t o  3,500° R and then 

swinging the w a l l  out of the  furnace t o  a pos i t ion  i n  f ron t  of the tes t  

specimen. The w a l l  would then heat the  specimen by radiat ion.  This 

method w a s  discarded as being too cumbersome and inf lex ib le ,  and a t ten-  

t i o n  was turned t o  infrared heat lamps. 

/ 

Another device consisted of  an array of R-40 type lamps. These 

1 
2 

lamps contained a 375-watt filament i n  a 3- - inch-diameter g lass  bulb. 

On the bas is  of watts per square inch of gross area, these lamps would 

not produce near ly  the  desired heating rate. 

t he  filament temperature w a s  r e l a t ive ly  low, thus allowing increased 

voltage t o  be applied without destroying the  filament. 

surpr i se  t o  lamp engineers, it was found t h a t  280 vo l t s  o r  more could 

be applied t o  a l l5 -vol t  lamp, s o  t ha t  t h e  power radiated w a s  1,500 watts. 

It appeared t h a t  t h i s  would be a useful amount of power per lamp, accord- 

ingly several  lamps were assembled into an array,  packed as closely 

together  as physical ly  possible.  

This rad ia tor  was capable of producing heating rates of about 15 Btu 

per  square foot  per second i n  a specimen 2 inches away. 

However, a t  ra ted  voltage 

Although of no 

The arrangement i s  shown i n  f igure  1. 

However, the  
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arrangement was not satiefackory, beca6e  i n  addition t o  having ineuf - 
\ 

f i c i e n t  output, t he  lmpe tended t o  explode after about.30 seconds, or 

the  solder i n  the  base of the lamp would m e l t  and short-circui t  the 

.. 

socket. 

About t h i s  t i m e  an e l e c t r i c a l  manufacturer was i n  the process of 

developing a lamp with a s t r a igh t  filament sealed i n  a 3/8-inch-diameter 

quartz tube, and a f e w  preliminary models of the lamps were obtained. 

When assembled in to  an ‘array, the lamps gave heating rates of useful  

magnitudes. These lamps rapidly became comerc ia l ly  avai lable  i n  quan- 

t i t y ,  and fur ther  development has resul ted i n  the present quartz lamps, 

The quartz lamps are available in  l igh ted  lengths of 10, 25, and 

50 inches, a l l  ra ted  at 100 w a t t s  and approximately 20 vo l t s  per inch 

of length. 

are operated at twice t h e i r  ra ted voltage, or 460, 1,150, and 2,3W vol t s  

fo r  the respective lengths. 

f ac to r  of 3,  giving 3, 7;, and 15 kilowatts f o r  the three lengths. The 

lamps are a l so  manufactured with a filament of twice the  power diss ipa-  

t i o n  i n  10- and 25-inch lengths, so  tha t  6 and 13 kilowatts, respectively, 

per  lamp are obtained. 

is  given i n  f igure 2. 

However, t o  r ea l i ze  t h e i r  f u l l  power capabi l i t i es  the  lamps 

A t  double voltage the parer goes up by a 

The parer for  values of voltage other than rated 

Lamps such as these give the  designer considerable f l e x i b i l i t y  i n  

h i s  choice of rad ia tors  and tes t  specimens. 

a wide range of shapes and s izes  of specimens, resu l t ing  i n  the design 

of a r ad ia to r  t o  s u i t  each application. 

The work a t  the  NASA involves 

The rad ia tors  are of very simple 
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design, and consis t  of two bus bars  with the  lamps supported between 

them by the  lead  wires, or p ig ta i l s .  The busses may be s lo t t ed  where 

more accurate posit ioning of lamps i s  desired.  Figure 3 shows a pair 

of general  purpose rad ia tors  each made up of ninety-two 10-inch lamps, 

Each rad ia tor  i s  operated at  up t o  460 vo l t s  and a t  power ra t ings  up t o  

275 kilowatts.  The lamps a re  stacked i n  two layers  or decks thus doubling 

the  number of lamps i n  a given area and r e su l t i ng  i n  higher heating r a t e s .  

. A r e f l ec to r  (not v i s i b l e  i n  the  figure) made of l/b-inch-thick polished 

aluminum i s  placed behind each double deck of lamps. 

A rad ia tor  such as t h i s  i s ,  of course, not su i tab le  f o r  continuous 

duty; it may be operated continuously f o r  only about 15 seconds, a f t e r  

which lamp f a i l u r e s  begin t o  occur. Also, the  r e f l ec to r  may melt i f  

t he  riinning t i m e  is  appreciably greater  than 15 seconds. 

Lamps may f a i l  i n  one of several ways. When operated i n  a c lose ly  

packed rad ia tor ,  such as shown i n  the f igure,  about 5 percent of t he  

lamps w i l l  be blackened and d is tor ted  after 20 seconds of continuous 

usage. 

heat; th i s  sof tens  the  quartz and thus causes it t o  d i s t o r t .  The f a i l -  

ures are progressive; after 20 runs perhaps half  of the lamps w i l l  have 

f a i l ed .  Less f requent ly  f a i lu re s  may be caused e i t h e r  by buckling of 

t h e  fi lament so t h a t  it melts through the  quartz tube, or by a f au l ty  

seal which r e s u l t s  i n  an a i r  leak. 

temperatures fo r  longer t i m e s ,  the  chief cause of f a i l u r e  i s  by a clouding 

of t he  quartz, which r e s u l t s  i n  an increase i n  lamp temperature but  i n  

a decrease i n  avai lable  radiation. 

The quartz envelope blackens f i r s t  so  that it absorbs radiated 

When the  lamps are operated a t  lower 
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It muetJbe underst-Jd, however, t h a t  a l l  the  -aregoing fcllurrr 

apply when the'lamps we employed 4n cloeelJt packed &oups and bjporstod 

a t  excessive voltages, A ringle lamp operated at  ra ted  voltage w i l l  

l a s t  many hours and f o r  24 hours o r  more at  200 percent voltage. 

a s ingle  lamp has been operated a t  200 percent voltage i n  an ambient 

temperature of gooo F f o r  one minute with no signs of d i s t rees .  

Also, 

TYPICAL RADIATORS 

The simple design of the quartz tube lamps makes then readi ly  adapt- 

able t o  assembly i n  radiators  of various shapes. 

frequently used designs w i l l  now be given. 

Examples of the more 

Figure 4 shows a radiator  

fo r  heating a cyl indrical  model. 

laxps, connected f o r  3-phase operation. A cyl indrical  re f lec tor  Is 

placed around the  whole assembly. The busses at the ends are braes 

s t r i p s  bent t o  the proper radius,  w i t h  a small insulating block of 

asbestos cement t o  insulate  between the phases. The lamps were faetened 

t o  the busses by t h e i r  own p ig t a i l s .  

The rad ia tor  consis ts  of 225 25-inch 

Figure 5 i l l u s t r a t e s  the ease with which a, radiator  can bo assembled 

and t a i lo red  t o  a specif ic  specimen. 

the lamps supported on a simple bus s t ructure  above it. 

made of sheet aluminum and the lamps again are hung by their  p ig t a i l s .  

The busses a re  a l l  insulated from each other, and the lamps connected 

i n  three independent groups. 

The specimen is  a de l t a  wing, with 

The busses are 
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Wing specimens are frequently heated nonuniformly, with moat of 

the  heat concentrated on the leading edge, as would occur i n  flight, 

This presents something of a problem i n  the  radiator  design f o r  t he  case 

of a d e l t a  wing such as shown i n  t h e  figure. The problem may be solved, 

p a r t i a l l y  at l ea s t ,  by a var ia t ion  i n  the surface treatment of the speci- 

men. I n  t h i s  case, the  leading edge was f inished d u l l  black t o  increase 

i t s  absorpt ivi ty ,  then a zone of grey paint,  and f i n a l l y  a br ight  alumi- 

num paint  w a s  appl ied. '  

Figure 6 shows a rad ia tor  used t o  heat a t rapezoidalwing section. 

A s  before, t h e  lamps were connected i n  three independent groups. There 

w a s  a hinge between the  ends of adjacent groups of lamps so  as t o  enable 

the  assembly t o  follow approximately t h e  deformation of the  wing. 

was necessary t o  assemble t h i s  radiator  i n  a hurry,  so  time w a s  not taken 

It 

t o  d r i l l  t h e  busses fo r  screws t o  hold the  lamp p ig t a i l s .  The p i g t a i l s  

were merely wrapped around the  busses and held i n  place with clmp-type 

paper c l i p s .  

One other  rad ia tor  of interest  i s  shown i n  f igure  7. Here the  

assignment was t o  heat a graphite tube t o  a very high temperature and 

then t o  maintain tha t  temperature. 

cool t he  r e f l ec to r  and the  lamps. 

the  lamps (as shown i n  the  f i g . ) ,  while t he  lamps and end connections 

were cooled by jets of air issuing from the  c i rcu lar  manifolds. Because 

t h i s  air would a l so  cool the  specimen, a tube of Vycor glass ,  placed 

between t h e  specimen and lamps, w a s  used as a shield.  This sh ie ld  allowed 

To do th i s ,  it w a s  necessary t o  

The water-cooled r e f l ec to r  encircled 
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the  radiant  energy to fall on the Bpecimen and a t  the sams tima protootad 

the graphite tube from the sir blast. With t h i s  furnace, a specimen tam- 

perature of 3,600~ R was attained and held f o r  t h i r t y  minutes. 

RADIATOR DESIGN 

The design of radiators  f o r  a specif ic  application i s  la rge ly  

empirical. 

so many unknown parameters t o  be measured i n  each case that it is  usually 

simpler t o  bui ld  the radiator  and then measure i t s  performance. 

Exact theore t ica l  designs can be worked out, but there  are 

As an 

example of such measurements, f igure 8 shows how the heating capacity 

of a rad ia tor  equipped with r e f l ec to r s  var ies  as the distance between 

specimen and lamps i s  varied. It should be noted that the radiat ion 

does not decrease as the inverse square of the distance, since the radia- 

t i o n  does not or iginate  from a point source. The curves shown apply t o  

the  energy received at  the  center of the specimen with a rad ia tor  10 

by 12 inches i n  s ize .  

Due t o  geometrical fac tors  involved i n  the radiant interchange 

between two obJect6, the received energy over the face of a specimen 

i n  f ron t  of a f i n i t e  radiator  is not uniform, but decreases as the die-  

tance from the  center increases. Typical experimental curves are shown 

i n  f igure  9. 

given curve the  received energy i s  a constant. The curves were taken 

over t he  surface of a specimen 9 by 18 inches i n  s ize  placed 4 inches 

away from a 10- by 20-inch radiator .  

These curves a re  s i m i l a r  t o  contours on a map; along any 

From these curves, it may be Seen 
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t ha t  i f  a 10-percent reduotion in heating i s  penniaeiblb between the 

center and the edges of a rpaoimen, the  l i nea r  dimensions of the r8dia-a 

t o r  must be about l* time thore of the specimen. 

if no more than a ?-percent var ia t ion can be tolerated,  the rad ia tor  

should be a t  l e a s t  twice a8 big.  

On the other hand, 

In  cases where it is prac t i ca l  t o  

include r e f l ec to r s  around the side of the  radiator  and specimen the 

reduction a t  the edges w i l l  be considerably l e s s .  I 
Frequently groups 'of lamps must be operated end-to-end i n  order t o  

extend the  s ize  of a radiator .  When t h i s  is done there  w i l l  be a 

decrease i n  received energy i n  f ront  of the point where the lamp ends 

a re  joined together. 

t ransversely i n  the gap, as pictured in f igure 10. 

lamps i s  shown i n  f igure 11, from which it may be seen that a nearly 

f l a t  heating r a t e  may be obtained if the proper specimen distance is  

employed. 

This can be compensated f o r  by placing ex t ra  lamp8 

The e f f ec t  of these 

Figure 12 shows the overall  efficiency, or  the r a t i o  of the energy 

received at  the center of a specimen t o  the  energy input t o  the radiator ,  

on a unit area basis .  

is  increased, 

r e f l ec to r  i s  omitted, as occure on occasions such a8 on long-time t e s t e  

where melting of the ref lector ,  i f  not force-cooled, would otherwise 

r e s u l t .  

The eff ic iency decreases as the specimen dietance 

The curves also show the loss i n  eff ic iency when the  

Figure 13 shows the parer input necessary t o  hold a f l a t -p l a t e  

specimen at a given temperature; with the specimen placed 2 inches i n  
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desired values of Taw and h versus time are placed on the  two func- 

t i o n  generators. The specimen temperature T, is sensed by a thermo- 

couple, amplified, and subtracted from T, i n  a difference amplifier. 

The r e su l t i ng  output is then multiplied by the  t ransfer  coeff ic ient  

coming from the function generator, and the  quantity h(Taw - Ts) 

i n to  a second difference amplifier. 

h 

fed 

' The other input t o  t h i s  second 

~ . 

front of the  rad ia tor ,  The plats was 0.062-inch-thick steel, and warn 

free t o  rad ia te  from tho baak Bide. 

RADIATOR CONTROL 

I n  order t o  simulate the  time var ia t ion of aerodynamic heating con- 

di t ione as expressed by equation (&), some form of continuous voltage 

control is desirable. 

reactors  and Ignitron control lers .  

response and adaptabi l i ty  t o  a wide range of connected loads, Ignitrons 

The most frequently used types are saturable 

Because of their  high speed of 

a re  used at the  NASA. 

programed-input computer, makes a very f l ex ib l e  system fo r  simulated 

aerodynamic heating. 

The controller,  when used i n  conjunction w i t h  a 

A block diagram of the e l ec t r i ca l  control  system is shown i n  

figure 14. By operating changeover switches, e i t h e r  heating r a t e  o r  
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amplifier is  the  radiat ion 108s term (a + bT,)TB4 whioh i n  abtainnd 

from the  thermocouple signal and the  constants a and b whioh wars . 

prese t  i n to  the  network. 

t he  left-hand s ide  of the  heat balance equation which i s  fed in to  the 

e r ro r  amplifier. 

heat fed t o  the  specimen i s  measured and supplied t o  the e r ro r  amplifier, 

and the  difference between the  two i s  used t o  control  the  Ignitrons,  

The Ignitrons operate %C reduce the  error  t o  a8 near zero as possible, 

c o n s l s t m t  wtth system s t a b i l i t y  and speed of response. 

The output of th i s  amplifier then represents 

This is  the desired quantity; the ac tua l  quantity of 

k i t h  t h i s  system, the  heat input t o  the  specimen is not measured 

d i rec t ly ,  b u t  i s  taken as proportional t o  the pGwer input t o  the lamps. 

The eff ic iency or  constant of proportionali ty has t o  be measured f o r  

each case and i s  regarded as co:c$sr,t ever the range of temperatures 

used i n  any one t e s t .  

measure t h e  power supplied t o  the lamps and a t  the  same t i m e  mea6ure 

t h e  rate of temperature rise on a dummy specimen of known thermal 

charac te r i s t ics  .I 

One method of measuring the eff ic iency is  t o  

Another method of measuring heat input t o  the  specimen is t o  malure 

t h e  rate of change of the  specimen temperature; th ie ,  when combined with 

t h e  physical constants of the  material, give8 the  heat input. 

puter  shu-~i i n  the figure is  set up 60 that temperature rate feedback may 

The com- 

be incorporated at a future  date. 
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CONCLUDING REMARKS 

l -  

Quartz tube heat lempr, ueed w i t h  a su i tab le  parer  cont ro l le r  and 

analog computer, make a ve r sa t i l e  too l  f o r  simulating the  e f f e c t s  of 

aerodynamic heating. 

per second have been obtained with the standard lamp of 100 watts per 

Heating rates up t o  about 100 Btu per  squme foot  

inch r a t ing  and rates of about 60 percent grea te r  than t h i s  value with 

lamps of 200 watts per inch ra t ing .  

have been developed which enable a t i m e  var ia t ion  of t h e  heat i n  accord- 

ance w i t h  a preselected schedule. 

rates of  heating continues so that there remains much opportunity f o r  

Variable voltage control  systems 

However, the demand for  even higher 

t h e  development of lamps and radiators  capable of s t i l l  grea te r  rad ia t ing  

capacity . 
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Figure 2.- Generalized power-voltage relation for T-3 quar tz  lamps. NASA 





N A S A  
L-37-3123 Figure 4.- Large cylindrical radiator. 
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L-90756 Figure 5.- Radiator m d  loading device for delta wing. 
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